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Abstract. I discuss two programs to study radio-loud quasars at high (z > 4) redshift. 
Quasars are the most luminous, non-transient objects known and are observed to the 
earliest cosmic epochs. At lower redshifts, radio-loud quasars are associated with host 
galaxies having de Vaucoleurs profiles. By association, identifying and studying a sam- 
ple of high-redshift, radio-loud quasars provides important clues to the early Universe 
and potentially probes early-type galaxy formation. The first aspect of this proceeding 
discusses an extensive search for high-redshift, radio-loud quasars culled from match- 
ing the FIRST radio catalog with the 2 nd generation Palomar Sky Survey. The second 
aspect of this proceeding concerns studying the radio properties of optically-selected 
z > 4 quasars. At the time of this conference, only seven z > 4 quasars were in the 
literature. The first program discussed herein uncovers three new such sources, while 
the second program identifies an additional five. We use the new samples to study 
the evolution of the radio-loud fraction, finding no evolution in this quantity between 
redshift z ~ 2 and z > 4 for -26 > M B > -28. 



1 Introduction 

High-redshift quasars provide some of the earliest glimpses we have of the Uni- 
verse, constrain models of structure formation, and are valuable probes of the 
intervening intergalactic medium (IGM). Quasars were originally identified from 
their radio emission (Schmidt 1963). Subsequent work revealed that only ~ 10% 
of quasars are radio-loud, resulting in a de-emphasis of radio selection in quasar 
searches. Most known quasars have been discovered solely from optical observa- 
tions. Possible obscuration and absorption processes in quasars, however, imply 
that radio is perhaps a better search wavelength for quasars, less prone to selec- 
tion effects than optical surveys. Radio selection has resulted in the discovery of 
objects of unusual spectral character such as the first radio-loud broad absorp- 
tion line quasar, FIRST J155633+351758 (Becker et al. 1997). Webster et al. 
(1994) suggests that a large population of dust-reddened quasars exists and has 
escaped detection in optical (grism) surveys. This discovery, if confirmed, would 
have serious implications for dust formation in the early Universe and provide 
an opportunity to learn about both the quasar environment and the degree to 
which these objects contribute to the X-ray and gamma-ray backgrounds. 
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2 A Search for z fa 4 Radio-Loud Quasars 

I first report 1 on a systematic search for high-redshift, radio-loud quasars se- 
lected using the 1.4 GHz VLA FIRST survey (Faint Images of the Radio Sky at 
Twenty-one Centimeters; Becker, White, & Helfand 1995) in conjunction with 
the (second generation) digitized Palomar Observatory Sky Survey (DPOSS; 
Djorgovski et al. 1996). The purpose of this program is to augment the census 
of such sources, provide a sample for follow-up studies, and study evolution in 
the radio-loud quasar population. Considering optical counterparts to FIRST 
radio sources, we spectroscopically target unresolved optical identifications with 
colors consistent with distant quasars. Previous studies have generally focussed 
on flat-spectrum sources with flux densities 1 — 3 orders of magnitude greater 
than the FIRST survey limit and have unveiled seven radio-loud quasars at 
z > 4 (Schneider et al. 1992; McMahon et al. 1994; Hook et al. 1995; Shaver, 
Wall, & Kellerman 1996a; Zickgraf et al. 1997; Hook & McMahon 1998). This 
work has suggested a decrease in the space density of radio-loud quasars at high 
rcdshift (e.g.,Shaver et al. 1999, but see Rawlings, this volume). Our sample 
probes a new regime of parameter space: low radio flux density, high-redshift 
quasars irregardless of radio spectral index. This last point is by necessity since 
no large-area radio survey of comparable depth exists at a frequency different 
from FIRST. This work helps constrain the radio- faint end of the radio quasar 
luminosity function at high redshift, and provides a useful sample of and to the 
distant Universe. 

2.1 Target Selection 

Our work relies on two important, large- area sky surveys of unprecedented ac- 
curacy, sky-coverage, and depth. Both surveys are still in production mode and 
the current work has been has been made possible by the generous collaboration 
of the principal investigators and research associates of both surveys. 

The FIRST survey (Becker et al. 1995) is a Very Large Array (VLA) effort to 
map the northern sky with l'.'O positional accuracy to a limiting flux of Si.4GHz = 
1 mjy (5 a). The radio observations, obtained with the B-array of the VLA, have 
a resolution of 4'.'0 and, as of 1999 July, the catalog contains ~ 550, 000 sources 
over ~ 6000 square degrees. 

The Second Palomar Observatory Sky Survey (POSS-II, or DPOSS for the 
digitized version; Djorgovski et al. 1999) is a photographic montage of the north- 
ern sky obtained with the 48" Schmidt telescope at Palomar Observatory. The 
survey encompasses three pass bands: blue (J; A g' ~ 4800 A), red (F; A ff ~ 
6500 A), and infrared (N; A eff ~ 8500 A), which are transformed to standard 
Gunn gri magnitudes with calibration CCD images obtained at the Palomar 

1 This section reports on work in progress being pursued in collaboration with Steve 
Odewahn, Roy Gal, S.G. Djorgovski, R. de Calvalho, Wil van Breugel, & Hyron 
Spinrad. Details of this program will be presented in Stern et al. (2000b). 
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Fig. 1. Color-color diagram for objects classified as stellar by DPOSS. Quasars, indi- 
cated by stars with the symbol size proportional to the redshift, include sources both 
from the current program and the literature. We select objects in the bottom right of 
the diagram identified with FIRST radio sources for spectroscopic follow-up. 



Observatory 60" telescope. Typical limiting magnitudes are 22.5, 20.8, and 19.5 
respectively (3a) - ie. ; POSS-II samples 1 — 1.5 magnitudes deeper than the 
POSS-I and includes an additional redder plate. This depth is comparable to 
that probed by the Sloan Digital Sky Survey, but contains two fewer pass bands. 
The calibration CCD images are also used to train a neural net to distinguish 
stars and galaxies (e.<?.,Odewahn et al. 1996). 

Optical identifications were made based on positional coincidences of the 
FIRST radio position with an optical counterpart on the DPOSS r-band plate. 
For each 6° x 6° DPOSS plate, there are approximately 3800 FIRST radio 
sources, of which « 20% have optical identifications. Our criterion for positional 
coincidence is Ar < 3'.'0. For each 36 square degree DPOSS plate, our selection 
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criterion yields m 800 ± 100 optical identifications of FIRST sources. 

Fig. 1 presents the color-color diagram for objects classified as stellar by 
DPOSS in the r-band, with confirmed quasars both from our work and the lit- 
erature indicated. A broad stellar locus is clearly evident. High-redshift quasars 
are selected based on red g — r color, attributable to absorption from the inter- 
vening Lya forest at 3.8 < z < 4.6. We also demand sources be relatively flat 
in r — i to minimize contamination from Galactic M-stars. These criteria are 
relatively robust, and similar to the criteria used by Kennefick, Djorgovski, & 
de Calvalho (1995); Kennefick, Djorgovski, & Meylan (1996) in their multicolor 
program to find distant radio-quiet quasars. 

We find approximately 1 — 2 identifications per DPOSS plate that meet our 
selection criteria, namely: (i) Si.4GHz > 1 mJy, (ii) positional coincidence, At < 
3'.'0, (iii) unresolved on r-band DPOSS plate, (iv) r > 17, and (v) red optical 
color. 



2.2 Results and Discussion 



We have obtained spectra of 153 FIRST/DPOSS targets. Most spectroscopic 
observations of candidates were carried out in the period 1996 — 1999 using the 
Kast imaging double-spectrograph (Miller & Stone 1994) at the Cassegrain focus 
of the 3m Shane Telescope at Lick Observatory. Fig. 2 presents the results from 
a "typical" observing run. A handful of sources were also observed at the 5m 
Hale Telescope at Palomar Observatory, and with the Low Resolution Imaging 
Spectrometer (LRIS; Oke et al. 1995) at Keck Observatory. 

Six new high-redshift [z > 3.8) quasars have been discovered, including 
three at z > 4. The remaining targets include 16 lower-redshift quasars, « 60 
moderate-redshift (z ~ 0.5) evolved galaxies for which the 4000 A break mimics 
a high-redshift Lya forest, 29 Galactic M stars, 11 emission line galaxies, and 
33 unidentified spectra. The last objects are apt to be evolved galaxies lacking 
strong emission features which are difficult to identify reliably at low signal-to- 
noise ratio, though the possibility of a high-redshift quasar, or blazar cannot be 
ruled out. During inclement conditions, we observed brighter FIRST/DPOSS 
targets without bias with respect to color. Many of the lowcr-rcdshift quasars 
derive from that sample. 

The spectra of the six new high-redshift quasars are shown in Fig. 3. Fig. 4 
presents a spectrum of FIRST J160138+294734, one of the more interesting 
lower-redshift sources uncovered from this survey. It is an example of a radio- 
loud, broad absorption line quasar (BALQSO), a class of object whose existence 
was questioned until 1997. The implications of this study on the radio-loud 
quasar luminosity function is discussed in Stern et al. (2000b). 
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Fig. 2. Results of a "typical" observing run (UT 1998 June 26). Note the range in 
objects identified: late-type Galactic stars, early-type galaxies, strong line-emitting 
galaxies, and quasars. The early-type galaxies are particularly difficult to identify at 
this signal-to-noise ratio; their redshifts should be considered tentative. The crossed 
circle indicates the wavelength of the telluric A-band. 
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Fig. 3. Spectra of the new high-redshift quasars. 



3 Radio Properties of z > 4 Optically-Selected Quasars 

The second aspect 2 of this proceeding discusses statistical studies of the radio 
properties of z > 4 optically-selected quasars. Already in the late 1960s it was 

2 This section is a synopsis of Stern et al. (2000a) , and presents work done in collab- 
oration with S.G. Djorgovski, Rick Perley, Reinaldo de Calvalho, & J.V. Wall. 
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Fig. 4. Spectrum of the radio-loud broad absorption line quasar (BALQSO) 
FIRST J160138+294734, identified from this survey. 



becoming apparent that the rapid increase in quasar comoving space densities 
with redshift did not continue beyond z ~ 2. Several authors suggested the 
existence of a redshift cutoff beyond which a real decrease in quasar densities 
occurs, unrelated to observational selection effects (e.g. ; Sandage 1972). Numer- 
ous studies have now shown that this is indeed the case. For example, Schmidt, 
Schneider, & Gunn (1995a), applying the V/V max test to a well-defined sam- 
ple of 90 quasars detected by their Lya emission in the Palomar Transit Grism 
Survey, conclude that the comoving quasar density decreases from z = 2.75 to 
z = 4.75. Shaver et al. (1996b) show a similar decrease in space density exists for 
radio-loud quasars, implying that the decline is not simply due to obscuration 
by intervening galaxies. 

An unresolved question, however, is how the decline compares between the 
optically-selected and radio-selected populations. Differential evolution between 
the radio-quiet and radio-loud quasar populations would be a fascinating result, 
which could change (or challenge) our understanding of different types of active 
galactic nuclei (AGN). For example, Wilson & Colbert (1995) propose a model 
whereby radio-loud AGN are products of coalescing supermassive black holes 
in galaxy mergers; such a process would result in rapidly spinning black holes, 
capable of generating highly-collimated jets and powerful radio sources. Such a 
model could naturally explain a lag (if there is indeed one) between the appear- 
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ance of powerful radio-loud quasars in the early Universe and the more common 
radio-quiet quasars. 

Several groups have reported on follow-up of optically-selected quasar sur- 
veys at radio frequencies (Kellerman ct al. 1989; Miller, Peacock, & Mead 1990; 
Schneider et al. 1992; Visnovsky et al. 1992; Hooper et al. 1995; Schmidt et al. 
1995b; Goldschmidt et al. 1999). Typically between 10% and 40% of the quasars 
are detected in the radio, but cosmological evolution in this quantity remains un- 
certain. Some researchers find evidence that the radio-loud fraction of optically- 
selected quasars decreases with increasing redshift (e. g. , Visnovsky et al. 1992), 
while others find no (or only marginal) evidence for evolution (e.g., La Franca 
et al. 1994; Goldschmidt ct al. 1999), and yet other researchers find that the 
radio-loud fraction increases with increasing redshift (e.g. ; Hooper et al. 1995). 
We attempt to re-address the issue by providing a more accurate measure of the 
radio-loud fraction at z > 4. 

3.1 Targeted 4.8 GHz VLA Mapping 

To determine the radio-loud fraction of z > 4 quasars, we observed 32 high- 
rcdshift quasars at 4.8 GHz with the VLA. The quasar sample is from the 
Palomar multicolor survey (Kennefick et al. 1995; Djorgovski et al. 1999) and 
represents all z > 4 quasars found from that survey at the time of the radio 
observations. Six of the quasars are equatorial objects found previously in a sim- 
ilar search by the Automated Plate Machine (APM) group (Irwin, McMahon, & 
Hazard 1991) which fall within the Palomar multicolor survey selection criteria. 
These 32 sources comprise a statistically complete and well-understood sample 
of optically-selected z > 4 quasars; they should be an unbiased set as far as the 
radio properties are concerned. 

The VLA observations were made on UT 1997 March 14 at 4835 and 4885 MHz. 
Calibration and imaging followed standard procedures. Each target was observed 
for 30 — 45 min, including calibration, yielding typical rms noise between 30 and 
60 ^Jy. 

We detect four quasars from this sample, where a match is liberally defined 
to correspond to a radio source lying within 10" of the optical source. In fact, the 
four matches all have optical-to-radio positional differences less than 2", implying 
that the identifications are unlikely to be spurious. Three sources represent newly 
identified high-rcdshift, radio-loud quasars. 

3.2 High-Redshift Quasars in FIRST and NVSS 

To augment the targeted VLA sample discussed above, we also correlated an 
updated list of all 134 z > 4 quasars known to us in mid-1999 with two re- 
cent, large-area radio surveys: the FIRST survey (Becker et al. 1995), discussed 
in §2.1, and the 1.4 GHz NVSS survey (Condon et al. 1998), which covers a 
larger area to a shallower flux density limit (^"Jghz = 2-25 mJy, 5a). For lu- 
minosity distance di, and radio spectral index a (S v oc v a ), the restframe spe- 
cific luminosity L v = A-Kd 2 L S v /(l + z) 1+a , where both L v and S v are measured 
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at the same frequency. At z = 4 and for a typical quasar spectral index of 
a = —0.5, the FIRST survey reaches a 3<r limiting 1.4 GHz specific luminos- 
ity of log.Li.4 (/i^" 2 ergss _1 Hz -1 ) = 32.6. The comparable limit for the NVSS 
survey is logLi.4 (/i^~ 2 ergss -1 Hz -1 ) = 32.9. Therefore, using the radio luminos- 
ity definition of radio loudness, Li.4GHz > 10 32 5 ergs s -1 Hz -1 (Gregg et al. 
1996), these surveys incompletely sample radio-loud quasars at high redshift. 



Table 1. High-Redshift Quasars Detected by FIRST 







r 


Mb 


>Sl.4GHz 


Offset 




Quasar 


z 


(mag) 


(mag) 


(mJy) 


(arcsec) 


Ref 


BRI0151-0025 


4.20 


18.9 


-27.55 


4.75 ±0.15 


0.90 


1-* 


PSS1057+4555 


4.12 


17.7 


-28.65 


1.38 ±0.13 


2.13 


2-* 


FIRST J141045+34009 


4.35 


19.6 


-27.10 


2.07 ±0.15 


0.84 


3 


GB1428+4217 


4.72 


20.9 


-26.44 215.62 ±0.15 


0.41 


4 


FIRST J145224+335424 4.12 


20.4 


-25.95 


6.95 ±0.13 


3.02 


3 


FIRST J171356+421808 4.23 


19.0 


-27.49 


2.80 ±0.15 


0.00 


3 



Notes. — Newly identified high-redshift, radio-loud quasars are indicated with a *. 
Positions are from the FIRST catalog. References: (1) Smith et al. (1994); (2) Kennefick 
et al. (1995); (3) Stern et al. (2000b); (4) Hook & McMahon (1998). 

Of the 134 z > 4 quasars, 51 reside in portions of the celestial sphere observed 
thus far by FIRST. We deemed a radio detection in FIRST to be associated 
with a high- redshift quasar if it lay within 10" of the quasar optical position. Six 
high-redshift, radio-loud quasars were identified, of which four were previously 
known (Table 1). One source, PSS 1057±4555, was undetected in the targeted 
5 GHz survey, implying an unusually steep spectral index, a < —2.05 (3 a) or 
significant variability on the time scale corresponding to the epochs of the two 
radio surveys. 

Of the 134 z > 4 quasars, 129 reside in portions of the celestial sphere 
observed thus far by NVSS. A radio detection in NVSS was deemed associated 
with a high-redshift quasar if it lay within 30" of the quasar optical position. We 
found a total of 14 radio identifications (Table 2); 5 of these represent newly- 
identified high-redshift, radio-loud quasars. 

3.3 Results 

Fig. 5 summarizes the location of the z > 4 quasars in the optical luminosity- 
redshift plane. Consonant with their extreme distances, these quasars have ex- 
tremely bright absolute magnitudes, Mb is —26. To probe evolution in the 
radio-loud quasar fraction, we require comparison with a sample of compara- 
bly luminous quasars at lower redshift. Fig. 5 illustrates such a sample: we have 
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Table 2. Optically- Selected, High-Redshift Quasars Detected by NVSS 







V 


iV±B 


>3l.4GHz 


Ljnsei 




Quasar 




{men-} 

(mag) 


(mag) 


(mJy) 


(arcsec) 


Ref 

ixei 


PC0027+0525 


4.10 


ZL.O 


-24.82 


4.8 ± 0.5 


0.4 / 


1 — -k 


PSS0121+0347 


4.13 


17.9 


-28.46 


78.6 ± 2.4 


0.76 


2—* 


BRI0151-0025 


4.20 


18.9 


-27.55 


3.0 ±0.5 


7.57 


3-* 


RXJ1028.6-0844 


4.28 


18.9 


-27.67 


269.8 ± 8.1 


22.4 


4 


BRI1050-0000 


4.29 


18.8 


-27.78 


9.7 ±0.6 


3.04 


5,6 


BRI 1302 -1404 


4.04 


18.6 


-27.67 


20.6 ±0.8 


0.61 


7-* 


FIRST J141045+340909 4.36 


19.6 


-27.10 


3.5 ±0.15 


13.5 


8 


GB1428+4217 


4.72 


20.9 


-26.44 


211.1 ± 6.3 


1.10 


9 


FIRST J145224+335424 4.12 


20.4 


-25.95 


8.6 ±0.5 


2.42 


8 


GB1508+5714 


4.30 


18.9 


-27.70 


202.4 ± 6.1 


22.3 


10 


FIRST J171356+421808 4.23 


19.0 


-27.49 


2.9 ±0.5 


3.40 


8 


GB1713+2148 


4.01 


21.0 


-25.25 447.2 ± 15.0 


2.02 


9 


RXJ1759.4+6638 


4.32 


19.0 


-27.63 


3.6 ±0.7 


11.6 


11-* 


PC2331+0216 


4.10 


20.0 


-26.32 


2.7 ±0.5 


6.51 


12,13 



Notes. — Newly identified high-redshift, radio-loud quasars are indicated with a *. 
Positions are from the NVSS catalog. References: (1) Schneider, Schmidt, & Gunn 
(1997); (2) Djorgovski et al. (1999); (3) Smith et al. (1994); (4) Zickgraf et al. (1997); 
(5) Smith et al. (1994); (6) McMahon et al. (1994); (7) Storrie-Lombardi et al. (1996); 
(8) Stern et al. (2000b); (9) Hook & McMahon (1998); (10) Hook et al. (1995); (11) 
Henry et al. (1994); (12) Schneider, Schmidt, & Gunn (1989); (13) Schneider et al. 
(1992). Optical coordinates for BRI1050-0000 are from Storrie-Lombardi et al. (1996), 
which are w 50" offset from the coordinates reported in the discovery paper (Smith 
et al. 1994). 



augmented the z > 4 quasars with several lower-redshift surveys from the lit- 
erature: SSG92 refers to the Schneider et al. (1992) sample, MPM90 refers to 
Miller et al. (1990), LaF94 refers to La Franca et al. (1994), and LBQS refers to 
the 8.4 GHz VLA imaging of LBQS quasars reported in Visnovsky et al. (1992) 
and Hooper et al. (1995). Luminosities have been calculated assuming that both 
the radio spectral index a and the optical spectral index a opt are equal to —0.5 
(for details, see Stern et al. 2000a). 

Fig. 6 illustrates the location of the quasars in Mb — £i.4gh z space. For 
the purposes of the following analysis, we assume non-detections have radio 
fluxes equal to their 3a noise value. We omit the new z > 4 radio-loud quasars 
detected by FIRST and NVSS in the following analysis, as those surveys are 
insufficiently sensitive to reach the radio-loud cutoff at z > 4. The detection 
limits of the other surveys are sufficiently deep that few non-detections are above 
the radio-loud/radio-quiet boundary; we conservatively classify those few sources 
as radio-loud below. Our total sample is 428 quasars spanning 0.2 < z < 4.7, 
-22.7 > M B > -28.7, and 30.08 < logLi. 4GH z(>50 2 ergs s" 1 Hz" 1 ) < 35.7. 
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Fig. 5. Location of all quasars considered here in the optical luminosity-redshift plane. 
PSS/BRI refers to the 5 GHz deep imaging discussed in §3.1. See text for description 
of other surveys. Non-detections are indicated with open symbols. The z > 4 FIRST 
and NVSS non-detections are not presented. Vertical dotted lines indicate the optical 
luminosity range considered in our analysis. 



We first consider if we detect optical luminosity dependence in the radio- 
loud fraction. We consider two redshift ranges where we have large samples of 
quasars, and divide the sample into absolute magnitude bins where the quasars 
are approximately smoothly distributed. Fig. 7 shows this fraction for each red- 
shift bin. Error bars shown are the square root of the variance, f(l — f)/N, where 
/ is the radio-loud fraction and N is the number of quasars in the bin considered 
(e. 5., Schneider et al. 1992). The impression from Fig. 7 is that for a given red- 
shift bin, the radio-loud fraction is independent of optical luminosity. This result 
stands in contrast to the analysis of Goldschmidt ct al. (1999) who find that the 
radio-loud fraction increases with luminosity for each redshift bin considered. 
Consideration of the radio-loud fraction plotted in Fig. 7 of their paper sug- 
gests that the optical luminosity dependence claimed at 1.3 < z < 2.5 depends 
largely on the poorly measured radio-loud fraction at Mb = —28. However, at 
0.3 < z < 1.3, their data convincingly shows optical luminosity dependence in 
the radio-loud fraction. Comparing the ordinate between the two panels of Fig. 7 
below suggests that the radio-loud fraction remains approximately constant with 
redshift; we consider this next. 
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Fig. 6. Location of all quasars considered here in the optical luminosity-radio lumi- 
nosity plane. Symbols are as in Fig. 5; again, non-detections are indicated with open 
symbols. Horizontal dashed line refers to the cutoff between radio-loud and radio-quiet 
quasars. A few sources with elevated noise levels are classified as radio-loud. Vertical 
dotted lines indicate the optical luminosity range considered in our analysis. 



Since there is little evidence of optical luminosity dependence of the radio- 
loud fraction in our data set, we decrease our errors by considering the radio-loud 
fraction in a larger absolute magnitude range, —26 < Mb < —28. Fig. 8 shows 
the results of this analysis, with error bars calculated as above. At 1.75 < z < 2.5, 
we classify 20 out of the 153 quasars in the optical luminosity range considered 
as radio-loud, corresponding to 13.1 ± 2.7% of the quasars. At z > 4, we classify 
4 out of the 34 optically-selected quasars as radio-loud (Schneider et al. 1992). 
This corresponds to 11.8 ± 5.5% of the quasars being radio-loud. No evolution 
in the radio-loud fraction is detected. 

The FIRST/NVSS detections of optically-selected quasars at z > 4 also 
provides a lower limit to the radio- loud fraction at early cosmic epoch. Of the 107 
z > 4 optically-selected quasars, 79 have optical luminosities —26 > Mb > —28. 
From this restricted sample, 35 overlap with FIRST of which one was detected, 
implying a statistically unrobust radio-loud fraction > 3%. All 79 quasars in the 
luminosity range considered overlap with NVSS; four were detected, implying a 
radio-loud fraction > 5% at z > 4. 
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Fig. 7. Fraction of radio-loud quasars as function of absolute magnitude. Two redshift 
ranges are plotted with 1 mag wide bins. No evidence for luminosity dependence in the 
radio- loud fraction is evident from this limited data set. 



4 Conclusions 



We report on two programs to identify radio-loud quasars at high- redshift. First, 
we correlate the 1.4 GHz FIRST survey with the digitized 2 nd generation Palo- 
mar Observatory Sky Survey. Targeting red stellar optical identifications of radio 
sources, we identify six new high-redshift, radio-loud quasars, including three at 
z > 4. Next, we consider deep, targeted 4.8 GHz imaging of 32 z > 4 quasars 
selected from the Palomar multicolor quasar survey. We also correlate a compre- 
hensive list of 134 z > 4 quasars, entailing all such sources we are aware of as of 
mid-1999, with two deep 1.4 GHz VLA sky surveys. In total, these projects find 
eight new z > 4 radio-loud quasars. 

We use this new census to probe the evolution of the radio-loud fraction 
with redshift. We find that, for -25 > M B > -28 and 2 < z < 5, radio-loud 
fraction is independent of optical luminosity. We also find no evidence for radio- 
loud fraction depending on redshift. If the conventional wisdom that radio-loud 
AGN are preferentially identified with early-type galaxies remains robust at high 
redshift, this result provides further evidence for an early formation epoch for 
elliptical galaxies. In hierarchical models of galaxy formation, one expects late- 
type (less massive) systems to form first. Early-type hosts, produced from the 



14 Stern 



I i i i i | i i i i | i i i i r 
-26 > M B > -28 



it 1 

I O- 



_l i i i i I i i i i L 

2 3 4 

Redshift 



Fig. 8. Fraction of radio-loud quasars as function of redshift. Two redshift ranges are 
plotted. No redshift dependence in the radio-loud fraction is evident. 

merger of multiple less-massive systems, will have a delayed entrance onto the 
cosmic stage with a temporal delay set by the galaxy merger time scale. 
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